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Fic. 3. Influence of estradiol-17 8 and insulin (0.2 IU, 0.4 IU) on

the percentage of mitotic uterine luminal epithelial cells (mean +
SE of the mean) in control ovariectomized mice and streptozoto-
cin-treated ovariectomized mice. The number above each col-
umn depicts the number of mice. *, P<0.01 vs. respective
vehicle group. a, P<0.01; b, P<0.001 vs. respective oil group.
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Fig. 4. Blood glucose levels in control ovariectomized mice and
streptozotocin-treated ovariectomized mice receiving estradiol-
178 or insulin. The number above each column depicts the
number of mice. *, P<0.05; **, P<0.01 vs. respective vehicle
group. a, P<0.01 vs. respective oil group.

treated mice (Fig. 3). Insulin administration in association
with estrogen did not further increase the mitotic activity of
luminal epithelial cells in both control and STZ-treated mice.

Blood glucose level

Normal blood glucose level was 90.1+8.4 mg/dl (n=
13). Estrogen treatment did not change the blood glucose
level, although in insulin-treated control mice estrogen de-

creased glucose level (Fig.4). STZ treatment increased
blood glucose levels (409.0+19.6 mg/dl, n=12, at 20 days
after STZ injection). Insulin decreased blood glucose levels
in a dose-dependent manner in STZ-treated mice.

DISCUSSION

The present study revealed that insulin stimulated the
proliferation of pituitary cells. Growth promoting action of
insulin on uterine epithelial cells had been already demon-
strated in rats and mice [9, 15]. Rat pituitary tumor cells,
GHj cells, require insulin for the optimal growth in vitro
system [11]. However, as far as we know, stimulatory effect
of insulin on the proliferation of normal pituitary cells has
never been reported.

STZ administration induces diabetes in mice and rats,
which is ascertained by serum hyperglycemia and significant
loss of body weights. Insulin administration was able to
decrease the elevated serum glucose levels in STZ-induced
diabetic mice. Our preliminary study showed that STZ (100
mg/kg) injection significantly decreased serum insulin levels
(control male mice, 51.1+8.9 xU/ml; STZ-treated males,
12.0+5.1 U/ ml).

In STZ-treated mice, estrogen failed to increase the
mitotic activity of pituitary cells. Repeated injection of
insulin recovered the reduced responsiveness of pituitary cells
to estrogen in STZ-treated diabetic mice to the level observed
in normal mice. Insulin (0.4 IU) increased the mitotic activ-
ity of luminal uterine epithelial cells in control mice. In-
effectiveness of insulin in STZ-treated mice on the prolifera-
tion of luminal cells may be accounted for by the reduced
responsiveness of uterine epithelial cells to insulin in insulin-
deficient mice. Insulin was not able to enhance further the
estrogen-induced proliferation of uterine cells. These re-
sults indicate that insulin stimulates the cell proliferation in
pituitary cells and uterine epithelial cells, but the pathway of
signal transduction leading to cell division may be different.

Several studies described the proliferation of pituitary
cells in rats [4, 22, 23, 28]. Growth hormone-secreting cells
(somatotrophs) and PRL cells are the most actively prolife-
rating cells in pituitary secretory cells. PRL cells were
particularly analyzed in the present study, since PRL secre-
tion is known to be regulated by insulin [13, 25]. STZ-
treated diabetes decreased PRL secretion in rats [6, 12]. In
PRL cells of such diabetic rats the decrease in number of
secretory granules and the atrophy of cell organelles were
electron microscopically observed [34]. The present study
showed that insulin stimulated the proliferation of PRL cells.
The enhanced proliferation of PRL cells by insulin may be
correlated with the enhanced PRL secretion [29]. Further
analysis is needed for the understanding of the secretion and
proliferation-coupling of PRL cells.

IGF receptors as well as insulin receptors are localized in
pituitary glands [10], and in uterine tissues [7]. Our pre-
liminary in vitro study indicated that IGF-I was more potent
(about 100-fold) in stimulating the proliferation of cultured
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pituitary cells than insulin (Oomizu and Takahashi, unpub-
lished observation). Therefore, insulin action may be medi-
ated by insulin-like growth factor-I (IGF-I) receptors in
pituitary glands.

Several studies indicate that estrogen action on the cell
proliferation is indirect and mediated by autocrine or para-
crine growth factors [24, 27, 32]. Transforming growth
factor @ and epidermal growth factor are candidates of
growth factors in the pituitary gland and the uterus [3, 16, 19,
20, 31]. Insulin or IGF-I may be another candidate of
estrogen-associated growth factors. IGF-I and IGF-I
mRNA are detected in pituitary glands [1, 18, 21]. Estrogen
increased levels of IGF-I mRNA, IGF binding and IGF
binding proteins [17]. As mitogenic action of estrogen is
well known, the increase in pituitary IGF-I level by estrogen
treatment may be closely associated with the estrogen-
induced proliferation of pituitary cells. Estrogen adminis-
tration may stimulate the secretion of IGF-I from pituitary
cells, and in turn IGF-I secreted may stimulate the prolifera-
tion of pituitary cells in an autocrine or paracrine fashion. It
is highly probable that insulin administered in the present
study is able to accelerate the pituitary cell proliferation by
the stimulation of intrinsic pituitary IGF-I system. In the
uterus IGF-I is also detected [18], and its synthesis is stimu-
lated by estrogen [2, 8]. IGF-I receptors are detected in
uterine cells [7]. These results strongly suggest the autocrine
or paracrine control of IGF-I on the proliferation of uterine
cells. Therefore, it is also highly probable that insulin acts
on IGF-I receptors, resulting in the stimulation of uterine
epithelial cells.

Reduced responsiveness to estrogen on prolactin secre-
tion had already reported in STZ-treated rats [6, 30, 33], and
this reduction is partly due to the alteration in pituitary
estrogen receptor system [30, 33]. Most of pituitary secre-
tory cells including PRL cells had estrogen receptors [14].
Ineffectiveness of estrogen on the proliferation of pituitary
cells in STZ-treated mice may result from altered mechanism
of estrogen receptors.

In the previous study using STZ-treated or alloxan-
treated diabetic rats, the response of uterine epithelial cells to
estrogen on the proliferation was significantly reduced, and
this was restored by insulin treatment [15]. Their result does
not agree with our result. They had used the lower dose of
estradiol-17 8 (4 xg/100 g body weight) compared with the
dose of estrogen used in the present study. As we clearly
found the diminished response in pituitary cells with this
estrogen dose, one possible reason for this discrepancy is that
the uterine epithelial cells in rats may be more responsive to
estrogen than the pituitary cells. Estrogen receptor kinetics
and estrogen activity for protein synthesis were altered in the
uteri of STZ-induced diabetic rats, and restored by insulin
treatment [S]. Thus, STZ treatment in the rat more severely
may affect thc estrogenic mechanism in the uterus. We
preliminarily found that insulin and IGF-I stimulated the
proliferation of mouse uterine epithelial cells in vitro (Taka-
hashi and Miyake, unpublished observation). Further study

on insulin or IGF-I action on the mouse uterine cells is
needed.

Chronic estrogen administration increases pituitary
weights, which mainly results from the hypertrophy and
hyperplasia of PRL cells [29]. Gala and Jaques [6] demon-
strated that STZ-induced insulin deficiency retarded
estrogen-induced pituitary growth in the rat. The retarded
growth of pituitary glands in STZ-treated rats is thought to be
partly due to the diminished mitotic activity of pituitary cells,
since the lower mitotic activity of pituitary cells including
PRL cells in STZ-treated mice was shown in the present
study.

In conclusion, the present in vivo study clearly showed
that insulin administration increased the cell proliferation of
pituitary cells. In pituitary cells insulin was required for
estrogen-induced cell proliferation. Molecular basis of in-
sulin-estrogen interaction must be studied using the in vitro
system.

ACKNOWLEDGMENTS

This study was supported in part by the Ryoubiteien Founda-
tion.

REFERENCES

1 Bach MA, Bondy CA (1992) Anatomy of the pituitary insulin-
like growth factor system. Endocrinology 131: 2588-2594

2 Beck CA, Garner CW (1992) Stimulation of DNA synthesis in
rat uterine cells by growth factors and uterine extracts. Mol
Cell Endocrinol 84: 109-118

3 Borgundvaag B, Kudlow JE, Mueller SG, George SR (1992)
Dopamine receptor activation inhibits estrogen-stimulated trans-
forming growth factor- @ gene expression and growth in anterior
pituitary, but not in uterus. Endocrinology 130: 3453-3458

4 Carbajo-Peréz E, Watanabe YG (1990) Cellular proliferation
in the anterior pituitary of the rat during the postnatal period.
Cell Tissue Res 261: 333-338

5 EkkaE, Vanderheyden I, De Hertogh R (1984) Normalization
of estradiol receptor kinetics and hormonal activity in uterus of
streptozotocin-induced diabetic rats treated with insulin. En-
docrinology 114: 2271-2275

6 Gala RR, Jaques S, Jr (1979) The influence of estrogen on
pituitary growth and on prolactin production in vitro in the
diabetic rat. Proc Soc Exp Biol Med 161: 583-588

7 Ghahary A, Murphy LJ (1989) Uterine insulin-like growth
factor-I receptors: regulation by estrogen and variation through-
out the estrous cycle. Endocrinology 125: 597-604

8 Ghahary A, Chakrabarti S, Murphy LJ (1990) Localization of
the sites of synthesis and action of insulin-like growth factor-I in
the rat uterus. Mol Endocrinol 4: 191-195

9 Ghosh D, Danielson KG, Alston JT, Heyner S (1991) Func-
tional differentiation of mouse uterine epithelial cells grown on
collagen gels or reconstituted basement membranes. In Vitro
Cell Dev Biol 27A: 713-719

10 Goodyer CG, Lucie de Stéphano, Wei Hsien Lai, Guyda HJ,
Posncr B1 (1984) Characterization of insulin-like growth factor
receptors in rat anterior pituitary, hypothalamus, and brain.
Endocrinology. 114: 1187-1195

11 Hayashi I (1984) Growth of GHj, a rat pituitary cell line, in
scrum-frecc, hormone-supplemented medium, In “Methods for



12

13

14

15

16

17

18

19

20

21

22

Proliferation of Mouse Pituitary Cells 44

Serum-Free Culture of Cells of the Endocrine System” Ed by
DW Barnes, DA Sirbasku, GH Sato, Alan R. Liss, Inc, New
York, pp 1-13

Ikawa H, Irahara M, Matsuzaki T, Saito S, Sano T, Aono T
(1992) Impaired induction of prolactin secretion from the
anterior pituitary by suckling in streptozotocin-induced diabetic
rat. Acta Endocrinol 126: 167-172

Keech CA, Gutierrez-Hartmann A (1991) Insulin activation of
rat prolactin promoter activity. Mol Cell Endocrinol 78: 55-60
Keefer DA (1980) In vivo estrogen uptake by individual cell
types of the rat anterior pituitary after short-term castration-
adrenalectomy. Cell Tissue Res 209: 167-175

Kirkland JL, Barrett GN, Stancel GM (1981) Decreased cell
division of the uterine luminal epithelium of diabetic rats in
response to 17 B -estradiol. Endocrinology 109: 316-318
Kudlow JE, Kobrin MS (1984) Secretion of epidermal growth
factor-like mitogens by cultured cells from bovine anterior
pituitary glands. Endocrinology 115: 911-917

Michels KM, Lee W-H, Seltzer A, Saavedra JM, Bondy CA
(1993) Up-regulation of pituitary [**’I] insulin-like growth fac-
tor-I (IGF-I) binding and IGF binding protein-2 and IGF-I gene
expression by estrogen. Endocrinology 132: 23-29

Murphy LJ, Bell GI, Friesen HG (1987) Tissue distribution of
insulin-like growth factor I and II messenger ribonucleic acid in
the adult rat. Endocrinology 120: 1279-1282

Nelson KG, Takahashi T, Bossert NL, Walmer DK, McLachlan
JA (1991) Epidermal growth factor replaces estrogen in the
stimulation of female genital-tract growth and differentiation.
Proc Natl Acad Sci USA 88: 21-25

Nelson KG, Takahashi T, Lee DC, Luetteke NC, Bossert NL,
Ross K, Eitzman BE, McLachlan JA (1992) Transforming
growth factor- @ is a potential mediator of estrogen action in the
mouse uterus. Endocrinology 131: 1657-1664

Olchovsky D, Bruno JF, Gelato MC, Song J, Berelowitz M
(1991) Pituitary insulin-like growth factor-I content and gene
expression in the streptozotocin-diabetic rat: evidence for tissue-
specific regulation. Endocrinology 128: 923-928

Sakuma S, Shirasawa N, Yoshimura F (1984) A histometrical
study of immunohistochemically identified mitotic adenohy-

23

24

25

26

27

28

29

30

31

32

33

34

pophysial cells in immature and mature castrated rats.
docrinol 100: 323-328

Shirasawa N, Yoshimura F (1982) Immunohistochemical and
electron microscopical studies of mitotic adenohypophysial cells
in different ages of rats. Anat Embryol 165: 51-61

Sirbasku DA (1978) Estrogen induction of growth factors
specific for hormone-responsive mammary, pituitary, and kidney
tumor cells. Proc Natl Acad Sci USA 75: 3786-3790

Stanley FM (1992) An element in the prolactin promoter
mediates the stimulatory effect of insulin on transcription of the
prolactin gene. J Biol Chem 267: 16719-16726

Starus DS (1984) Growth-stimulatory actions of insulin ir vitro
and in vivo. Endocr Rev 5: 356-369

Sutherland RL, Watts CKW, Clarke CL (1988) Oestrogen
action. In “Hormones and their actions, Part I” Ed by BA
Cooke, RIJB P King, HJ van der Molen, Elsevier Science
Publishers BV, Amsterdam pp 197-215

Takahashi S, Okazaki K, Kawashima S. (1984) Mitotic activity
of prolactin cells in the pituitary glands of male and female rats
of different ages. Cell Tissue Res 235: 497-502

Takahashi S, Kawashima S (1987) Proliferation of prolactin
cells in the rat: effects of estrogen and bromocriptine. Zool Sci
4: 855-860

Tesone M, Ladenheim RG, Charreau EH (1985) Alterations
in the prolactin secretion in streptozotocin-induced diabetic rats.
Correlation with pituitary and hypothalamus estradiol receptors.
Mol Cell Endocrinol 43: 135-140

Tomooka Y, DiAugustine RP, McLachlan JA (1986) Prolif-
eration of mouse uterine epithelial cells in vitro. Endocrinolo-
gy 118: 1011-1018

Webster J, Scanlon MF (1991) Growth factors and the anterior
pituitary. Bailliere’s Clin Endocrinol Metab 5: 699-726
Weisenberg L, Fridman O, Libertun C, De Nicola AF (1983)
Changes in nuclear translocation of estradiol-receptor complex
in anterior pituitary and uterus of rats with streptozotocin
diabetes. J Steroid Biochem 19: 1737-1741

Yamauchi K, Shiino M (1986) Pituitary prolactin cells in
diabetic rats induced by the injection of streptozotocin. Exp
Clin Endocrinol 88: 81-88

J En-






